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 Abstract 
 Pt electrocatalytic nanoparticles were deposited onto hybrid carriers composed of reduced 
graphene oxide (rGO) – transition metal hexacyanoferrate (Prussian Blue – PB) and the resulting 
system’s electrochemical activity was investigated during oxygen reduction reaction in acidic 
solution. The Prussian Blue -utilizing and Pt nanoparticle-containing materials were characterized 
using transmission electron microscopy, X-ray diffraction and electrochemical diagnostic 
techniques such as cyclic voltammetry and rotating ring-disk voltammetry. Application of rGO 
carriers modified with Prussian Blue as matrices (supports) for Pt catalytic centers does not 
change practically the potential of electroreduction of oxygen in 0.5 mol dm
-3
 H2SO4 (under 
rotating disk voltammetric conditions) relative to the behavior of the analogous PB-free system. 
What is even more important that, due to the presence of the polynuclear cyanoferrate modifier, 
the amounts of the undesirable hydrogen peroxide intermediate are significantly decreased (at 
ring in the rotating ring-disk voltammetry). The results are consistent with the bifunctional 
mechanism in which oxygen reduction is initiated at Pt centers and the hydrogen peroxide 
intermediate is reductively decomposed at reactive PB-modified rGO supports. 
  
Introduction 
 
 Proton Exchange Fuel Cells have been viewed as suitable power sources candidates for 
stationary and vehicle propulsion due to their high efficiency, high energy density and low 
temperature energy conversion. The reactions in fuel cells invariably involve oxygen reduction at 
the cathode side. It should be note that oxygen reduction reaction, in the context of energy, is the 
challenging reaction due to their rate limiting steps in the process of getting energy from fuel. 
The sluggish oxygen reduction has still a hugely affect on losing efficiency, the power output and 
lifetime of the fuel cells [1,2]. Pt-based catalysts, mostly applied and studied for their high 
efficiency with respect to other Pt-free catalysts in acid medium consist of Pt nanoparticles (NPs) 
supported onto different supports,.e.g., carbon, oxides and carbon/oxides composites. While great 
progress has been made, there are still issues to be concerned about. For instance: (i) low 
resistance of the Pt catalyst to poisoning (mainly to CO), (ii) hydrogen peroxide production at the 
cathode that degrades fuel cell membranes and (iii) methanol crossover that results in mixed 
potential.  
 The use of a suitable supporting material enables a high dispersion of metal nanoparticles 
onto its surface, which is particularly important with expensive noble metal catalysts, such as Pt 
and Pd. The appropriate supporting materials should be characterized by the following features: 
high surface area, corrosion resistance, and a stable surface to prevent the nanoparticles’ 
agglomeration. A number of various supports have been extensively studied as high oxidation 
resistant materials, namely, graphitized carbon [3], conductive polymers [4] as well as conductive 
metal oxides such as (MnOx [5], TiO2 [6-8], CeOx [9], ZnO [10], WO3 [11-13], SnO2 [14] and 
NbO2 [15]). Carbon black (Vulcan XC-72) has been commonly used as a conventional 
supporting material for the Pt-based catalysts for fuel cell applications, due to its high surface 
area and conductivity, along with its low cost [16]. One drawback of the Vulcan support is that it 
is not very tolerant of fuel cell conditions, and is electrochemically oxidized to its surface oxides. 
In consequence, the oxidation process leads to the formation of large particles, resulting in a 
decrease in the fuel cell’s performance [17]. To avoid these problems, various kind of graphene 
materials have been introduced to replace carbon black (Vulcan) as supporting materials in 
electrocatalysis, due to their increased tolerance for carbon corrosion, and their excellent 
mechanical, electronic, and surface properties [18, 19].  
 Such new catalysts also have to characterized by a minimum formation of H2O2 because 
free radicals that are produced from the breakdown of H2O2 have a detrimental effect on the 
polymer membranes – Nafions in fuel cell [20,21]. One of the methods to reduce the amount of 
hydrogen peroxide is to use Prussian Blue as the catalyst cathode additive [22,23]. In the 
literature has been many confirmation that PB has been an excellent electrocatalyst for hydrogen 
peroxide compared with the most conventional noble metals (e.g. Pt) or metal oxide materials 
[24-27]. Such properties of PB is connected with its analogy with the biological group of 
peroxidase, that are natural enzymes for the reduction of hydrogen peroxide, it has been called an 
artificial peroxidase [25]. Moreover, PB systems detect hydrogen peroxide at low applied 
potential (approx. 0.2 vs. RHE) what allow to enhance the immunity to interference (e.g. ascorbic 
acid, uric acid) as well as reduce its in the presence of oxygen, that is advantages in the contrast 
for Pt [24]. The kinetics of hydrogen peroxide reduction on PB-modified electrodes was 
investigated using a rotating disk electrode and in situ Raman spectroelectrochemical technique 
[26,27]. The Raman measurement showed that during reduction of hydrogen peroxide PB form 
exists in the layer even at potentials corresponding to the completely reduced form of PB and the 
process corresponded first-order reaction. Whereas, the result obtained from rotating disk 
electrode methodology exhibited two step reaction mechanism. The authors claim that first step is 
related with dissociative adsorption of hydrogen peroxide, where OH radicals are formed and the 
second step, the OH radicals are reduced to hydroxyl ions (one-electron process). The late step 
gets rate limiting factor in the presence of high concentration of peroxide and high pH.   
 In the present work, we explore the ability of Prussian Blue structures to effectively 
decompose, i.e. reduce readily at fairly high potentials (in acid medium) hydrogen peroxide that 
typically appears as undesirable intermediate during reduction of oxygen in fuel cells. When 
Prussian Blue structures are combined with a catalyst of moderate activity, such as rGO 
supported Pt nanoparticles, a highly reactive composite system for the oxygen reduction is 
produced [28]. It is reasonable to expect that rGO modified with Prussian Blue and supported Pt 
acts as a bifunctional system, in which oxygen reduction is primarily induced at Pt catalytic 
centers, whereas reduction any hydrogen peroxide intermediate is further activated at the Prussian 
Blue matrix. The data obtained are discussed in relation to the beneficial effect of Prussian Blue 
on oxygen reduction reaction. Electrochemical testing of catalysts has been carried out using a 
rotating ring disk electrode (RRDE) to show direct measurements of H2O2 production and yield 
an accurate assessment of the catalytic activity for ORR. Further, comparison has been made to 
the behavior of rGO-supported Pt nanoparticles under the analogous RRDE voltammetric 
conditions. 
 
Experimental 
 All chemicals were commercial materials of the highest available purity and were used 
as received. In this study, a commercial graphite powder (ACROS ORGANICS) was used. 
Graphene oxide (GO) was prepared using modified Hummers method.  In this process, 10 g 
of graphite powder was added to 230 mL of concentrated sulfuric acid (98 wt.%) and stirred for 
30 minutes. Next 4.7 g of sodium nitrate and 30 g of potassium permanganate were slowly added 
to the mixture and the temperature was kept below 10ºC in an ice bath. Then the mixture was 
slowly heated up to ~33ºC and was controlled so as not to exceed 35ºC for 2 hours under stirring. 
In the next step, 100 mL of water was added to the mixture and the temperature reached ~120ºC. 
Finally, the mixture was treated with 10 mL of H2O2 (30 wt.%). Obtained slurry was kept in an 
ultrasonic bath for 1 hour. For purification, the slurry was filtered using ceramic membranes with 
0,2 micron pore size and washed with deionized water in order to remove the by-products of 
the synthesis till the pH of the filtrate reached 6.5. Reduced graphene oxide (rGO) was obtained 
by adding 10 mL of 50% hydrazine water solution to 100 mL of 0,5 wt.% GO water dispersion. 
The mixture was heated up to 100ºC and kept under stirring for 2h. After reduction, the product 
was filtered using polyethersulfone (PES) filter with 0,8 µm pore size. Solutions were prepared 
from triply-distilled subsequently-deionized water. They were deaerated (using argon) or 
saturated with oxygen for at least 20 min prior to the electrochemical experiment. Experiments 
were conducted at room temperature (20 ± 0.5 C).  
 For the preparation of reduced graphene oxide (rGO) modified Prussian Blue and 
supported Pt (rGOPB/Pt) materials. The hybrid material (rGO modified PB) was produced as 
follows. A known amount of rGO (200 mg) was dispersed in 6 cm
3
 solution of Prussian Blue 
(that had been obtained by mixing a solution 2 mmol dm
-3
 K3[Fe(CN)6], 2 mmol dm
-3
 FeCl3, and 
50 mmol dm
-3
 EDTA). Formation of PB nanostructure on rGO occurred through the sol-gel 
aggregation aging process. After 24 h mixing the following suspension was centrifuged and dried 
at 300
O
C for 2 h. The obtained support hybrid material (PB-modified rGO) was used to 
fabricated Pt nanoparticles. 
In order to obtained platinum nanoparticles deposited on the surface of the rGO reduction 
or rGO/PB methods were used. For this purpose the appropriate amount of the platinum 
potassium hexachloroplatinate (K2PtCl6) salt was added to the 0.5g rGO or rGO/PB water 
dispersion under continuous magnetic stirring. After 15 min the 0.1M KOH was added to the 
mixture to increase the pH to 10. Nanoparticles of Pt were obtained by adding 10 mL of 1M 
sodium borohydride (NaBH4) water solution to the slurry and kept under stirring. After 1h the 20 
wt.% Pt/rGO  catalyst deposit was filtered using PES filter with 0,8 µm  pore size and washed 
with deionized  water. Their composition of the final material was as follows: Pt 20% and 
rGO/PB 80% (by mass). The diameters of PB-modified rGO supports Pt nanoparticles were 
approximately 20 and 2 nm, respectively. 
 The electrochemical experiments were performed with CH Instruments (Austin, TX, 
USA) Model 750A workstation. A mercury/mercury sulfate electrode (Hg/Hg2SO4), which 
potential was 700 mV more positive relative to the Reversible Hydrogen Electrode (RHE), was 
used as a reference electrode. All potentials are expressed against the reversible hydrogen 
electrode (RHE). 
 Rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) voltammetric 
measurements were accomplished using a variable speed rotator (Pine Instruments, USA). The 
electrode assembly utilized a glassy carbon disk and a Pt ring. The electrodes were polished with 
successively finer grade aqueous alumina slurries (grain size, 5-0.05 μm) on a Buehler polishing 
cloth. In the RRDE measurements, the radius of the disk electrode was 2.5 mm, and the inner and 
outer radii of the ring electrode were 3.25 and 3.75 mm, respectively. The collection efficiency of 
the RRDE assembly was determined from the ratio of ring and disk currents (at various rotation 
rates) using the argon-saturated 0.005 mol dm
-3
 K3[Fe(CN)6] + 0.01 mol dm
-3
 K2SO4 solution 
[29-33]. Based on five independent experiments, it was found that, within the potential range 
considered here, and at rotation rates up to 2500 rpm, the experimental collection efficiency (N) 
remained unchanged and was equal to 0.39. During the RRDE measurements in oxygen saturated 
solutions, the potential of the ring electrode was kept at 1.2 V (vs. RHE). At this potential, the 
generated H2O2 is oxidized under diffusional control. All RRDE polarization curves were 
recorded at a scan rate of 10 mV s
-1
. Current densities were calculated with respect to the 
geometric surface area of the electrode. 
 To produce an suspension of PB-modified rGO supported Pt nanoparticles, a known 
amount (5 mg) of the catalyst was dispersed in 1 ml of 2-propanol and Nafion (20% by weight) 
as solvent and binder, respectively. The following suspension was subjected to magnetic stirring 
for 24 h. As a rule, 2 µl aliquot of the appropriate suspension was introduced onto the surface of a 
glassy carbon disk electrode (geometric area, 0.2 cm
2
), and the suspension was air-dried at room 
temperature. Typical loadings of supports were in the range 10 μg cm-2. As a rule the catalytic 
films were activated by performing 25 full voltammetric potential cycles in the potential range 
from 0 to 1 V (at 50 mV s-1) until steady-state currents were observed. The systems were 
systematically characterized to obtain information on particle morphology, composition, and 
crystal structure by various techniques, such as High Resolution Transmission Electron 
Microscopy (HR-TEM), Energy Dispersion Spectroscopy (EDS), and X-ray diffraction (XRD). 
The HR-TEM measurements were performed using an instrument with an accelerating voltage of 
200 keV with EDS analysis (Bruker Quantax 400, SEM-EDS). Samples for TEM measurements 
were prepared by depositing drops of diluted colloidal solutions of nanoparticles onto 400-mesh 
copper grids that supported a Formvar film (Agar Scientific); they were dried under ambient 
laboratory conditions (temperature, 22  1 °C) for 24 h prior to TEM analysis. The 
crystallographic phase analysis was carried out by XRD using a Bruker D8 Discover system 
operated with a Cu X-ray tube (1.5406 Å) and Vantec (linear) detector (k = 1.5406 Å). The lattice 
parameter value and particle size were obtained from the position and the full-width at half-
maximum (FWHM) of the (220) peak. 
Results and discussion 
The X-ray diffraction examination was performed to confirm the presence as well as to 
obtain the information about the crystalline structure of the proposed electrocatalysts. Figure 1 
displays the profiles of rGO_PB supported Pt nanoparticles, Pt/rGO and rGO_PB. Material 
exhibited diffraction peaks in the range 2θ = 24.5o, which were attributed to carbon-supported 
material with a (111) reflection plane for all samples; the PB and Pt reflections also arose in this 
[34].  In the case of both Pt/rGO and Pt/rGO_PB (Fig.1a and c), diffraction peaks at the 
corresponding diffraction angles (39.8, 46.3, 67.6, and 81.4) occurred, which were attributed to 
the (111), (200), (220), and (311) planes, characteristic of the respective crystalline faces of Pt 
(JCPDS No. 01-087-0646) and were decorated uniformly on the rGO surface. While for the 
rGO_PB and Pt/rGO_PB nanoparticles (Fig.1b and c), the other diffraction peaks appeared at 2θ 
= 38.5, 44.7, 65.1, and 78.4
o
 (JCPDS No. 52-1907); these are associated with the (420), (422), 
(640), and (301) reflections respectively, thus validating the formation of Prussian Blue [35]. It 
can be observed that PB signals are narrow; this can be attributed to the good crystalline structure 
and due to the very broad size of the particles. To calculate the average particle size according to 
the Scherrer equation, the (220) reflections of Pt were used. The average Pt particle size obtained 
from XRD measurements for Pt/rGO and Pt/rGO_PB was of the order of 7-10 nm for both 
catalysts and is consistent with the results from HR-TEM experiments.   
The morphologies of the rGO_PB, Pt/rGO and Pt/rGO_PB were examined by HR-TEM 
(Fig.2). Figure 2 illustrates the transparent and pleated paper like structure of rGO nanosheets 
before successful decoration of Pt nanoparticles and PB structure. Fig. 2 displays dark Pt spots 
deposited on the reduce graphene oxide layers were spherical metal nanoparticles of similar sizes. 
The size of metal particles roughly estimated from HR-TEM images of ca. 7 nm, which is in god 
agreement with the XRD results. The inter-planar spacing 0.3940 nm (200) is attributed to Pt, 
which agree with literature values.  
Fig. 3 presents the cyclic voltammetric responses of reduced graphene oxide (rGO) 
supported Pt (curve a) and  PB-modified rGO supported Pt nanoparticles (curve b) deposits on 
glassy carbon electrode recorded in the argon-saturated 0.5 mol dm
-3
 H2SO4. While the cyclic 
voltammogram of PB-free catalyst is characterized by a fairly flat background with the broad 
oxide reduction peak at the potential range from 0.2 V to 0.6V response (Fig.3a), the response of 
PB-modified rGO supported Pt system (Fig.3b) has yielded fairly high voltammetric currents at 
the whole potential range with the similar broad cathodic peak. In the case of PB-modified rGO 
supported Pt nanoparticles the presence of Prussian Blue active centers on carbon materials can 
be postulated as evidenced from higher voltammetric current with the PB surface at potentials 
lower than 0.15 V vs. RHE in comparison to PB-free catalysts.  
The representative RDE voltamograms recorded at different rotation rates (ranging from 
400 to 2500 rpm) for the oxygen reduction reaction (ORR) at catalytic layers containing PB-
modified rGO supported Pt nanoparticles are illustrated in Fig.4. As we can see, the RDE 
responses are fairly well-defined at any rotation rate studied but the mass-transport limited 
currents are not reached over the whole potential region explored. Similar electrochemical 
behavior for ORR was reported in literature for Pt/Vulcan catalysts [32]. Further, half-wave 
potentials for the reduction of oxygen at the system containing PB-modified rGO supported Pt 
nanoparticles are not shifted when compared to those characteristic of the PB-free system.  
In order to extract kinetic information, the RDE curves were analyzed using the Levich 
and Koutecki-Levich plots (Fig.5). When the dependencies (Levich type plots – not show) of the 
RDE current densities (measured at 0.7 V) have been plotted versus square root of rotation rates 
for electrodes covered with PB-modified rGO supported Pt nanoparticles, the deviation from 
linearity (i.e. from the ideal behavior characteristic of systems limited solely by convective 
diffusion of oxygen in solution) is observed, and it seems to be more pronounced at bare rather 
than PB-modified system (not show here). Apparently, the kinetic control is more pronounced, 
i.e. the catalytic reaction is slower or less effective in the case of bare rGO/Pt nanoparticles. The 
reciprocal values of the experimental currents are plotted vs. 
-1/2 
(Koutecky-Levich plots) for 
different electrode potentials at 0.7 V (Fig.5) [11,12,32]. Such diagnosis is justified because 
charge (electron, proton) propagation within the catalytic film should be fast, and the oxygen 
reactant is expected to have easy access to the dispersed active sites (bare or PB-modified rGO 
supported Pt nanoparticles). With low amounts of Nafion used to bind the catalyst to the 
substrate, any potential limitations related to mass transport through mixed PB-Nafion layers on 
the measured current densities are considered as relatively negligible [36,37]. We assume that 
only such factors as transport of oxygen in solution or, at higher rotation rates, the dynamics of 
the chemical (catalytic) step (reaction) are rate determining. The reciprocal plots (Fig.5) have 
yielded non-zero intercepts clearly indicating kinetic limitations associated with the 
electrocatalytic film.  
 RDE voltammetric limiting-current densities (jlim) can be expressed as follows [23,38]: 
LOfilm
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where jL is given by the Levich equation (in which the convective diffusion component is 
proportional to square root of rotation rate), k is the rate constant for the catalytic reaction in 
homogeneous units, Cfilm is the surface concentration of the electrocatalyst, and COx is the bulk 
concentration of oxygen (1.1 mmol dm
-3
 [39]). The symbols n and F stand for the number of 
electrons involved in the process (n = 4) and the Faraday constant. The kinetic parameters can be 
found from intercepts of the reciprocal plots (Fig.5). The estimated value of kCfilm, which is 
equivalent to the intrinsic rate of heterogeneous charge transfer, is  1  10
-1
 cm s
-1
 for the 
catalytic electroreduction (at 0.7 V) of oxygen at glassy carbon disks covered with PB-modified 
rGO supported Pt nanoparticles.  
In the context of electrocatalysts for cathode for fuel cells an important issue is the degree 
of formation of the hydrogen peroxide intermediate during ORR in the presence and absence of 
Prussian Blue. In this case we have performed rotating ring-disk electrode (RDDE) 
measurements in which the catalytic nanoparticles were deposited onto disk electrodes. The 
responses recorded (upon application of the oxidative potential of 1.2 V vs RHE) at the ring Pt 
electrode are consistent with the view that formation of hydrogen peroxide intermediate have 
significantly decreased following PB-modified rGO supported Pt nanoparticles (Fig.6). This 
effect is particularly evident at potentials lower than 0.5 V where the Prussian Blue (PB) starts to 
be reduced to Prussian White that are capable of inducing reduction of H2O2 (to H2O).  The latter 
observation suggests direct involvement of Prussian Blue matrix in the decomposition of 
hydrogen peroxide intermediate and promoting effectively the almost 4-electron reduction of 
oxygen to water. A bifunctional mechanism, in which both Pt and PB are reactive, namely 
towards oxygen and hydrogen peroxide, respectively, is possible.  
More quantitative information, namely in the % amounts of H2O2 (X%H2O2), about the 
relative degrees of formation of hydrogen peroxide during the oxygen reduction under the RRDE 
voltammetric conditions has been obtained using the equation described earlier [32,40]: 
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where Ir is ring current, Id stands for disk current, and N is the collection efficiency. The 
results are plotted versus potential applied to disk electrode in Fig.7. At the electrode modified 
with PB-modified rGO supported Pt nanoparticles (Curve b), the production of H2O2 is 
significantly lower in comparison to the same system without Prussian Blue (Curve a). At 
potentials lower than 0.55 V, the values of X%H2O2 are on the level 4 % for PB-modified rGO 
supported Pt nanoparticles. At potentials higher than 0.7 V, the oxygen reduction currents (at disk 
electrode) are not well-developed yet because the potentials are not sufficiently negative to drive 
effectively the oxygen reduction reaction; consequently, the values of X%H2O2 become somewhat 
higher. It should be remembered that the heterogeneous rate constant for the reduction of H2O2 at 
PB film on glassy carbon electrode is on the level 1x10
-1
 cm s
-1
. The latter value is comparable to 
that determined in the case of reduction of oxygen at Pt/rGO nanoparticles. This suggests that 
Prussian Blue matrix can be directly involved in the reductive decomposition of hydrogen 
peroxide intermediate and promoting effectively the almost 4-electron reduction of oxygen to 
water. 
The overall number of electrons exchanged per O2 molecule (n) was calculated as a function 
of the potential using the RRDE voltammetric data of Fig. 8 and using equation [41,42]:  
n  = 4Idisk / Idisk + Iring/N  
The corresponding number of transferred electron (n) per oxygen molecule involved in the 
oxygen reduction was estimated to be as follows: (A) 3.8–3.95, and (B) 3.9–3.95, for the oxygen 
reduction at Pt/rGO nanoparticles, and PB-modified rGO supported Pt nanoparticles (Fig. 8). The 
results demonstrate that, while the approximately four-electron reduction mechanism (with small 
formation of H2O2 intermediate) is the dominating pathway for the oxygen reduction (in acid 
medium) at all two types of Pt-containing catalytic systems, utilization of the chemically-reduced 
graphene-oxide based supports produces the hybrid system exhibiting the relatively highest 
activity toward electroreduction of oxygen in acid medium (Fig. 8). 
Conclusions 
On the basis of our RRDE diagnostic experiments it can be concluded that modification of 
rGO (support material) with ultra-thin layers of Prussian Blue results in the activation of Pt 
towards oxygen reduction. The phenomenon can originate from the properties of PB and its 
ability to catalyze reduction of hydrogen peroxide intermediate. The production of hydrogen 
peroxide has been found to be relatively low as measured by RRDE. Specific interactions 
between PB and support material (reduced graphene oxide - rGO), though not documented as yet, 
cannot be either excluded. Further research is along this line.  
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Figure captions 
Fig.1. X-ray diffraction patterns for the Pt/rGO (a), rGO_PB (b), Pt/rGO_PB (c) electrocatalysts. 
Fig.2. Typical HR-TEM images of rGO_PB (a), Pt/rGO (b), Pt/rGO_PB (c) nanoparticle. 
Fig.3. Cyclic voltammetric characterization of (a) Pt/rGO nanoparticles and (b) Pt/rGO_PB 
nanoparticles (deposited on glassy carbon) recorded in deaerated 0.5 mol dm
-3
 H2SO4 electrolyte. 
Scan rate 50 mV s
-1
.   
Fig.4. RDE voltammetric responses of PB-modified rGO supported Pt catalyst nanoparticles 
recorded at 10 mV s
-1
 scan rate in oxygen saturated 0.5 mol dm
-3
 H2SO4 at different rotation rates 
(from 400 to 2500 rpm). 
Fig.5. Koutecky-Levich reciprocal plots (prepared using the data of Fig. 4) for the 
electroreduction of oxygen (at 0. 7 V) at catalytic layers (deposited on glassy carbon disks) 
containing PB-modified rGO supported Pt nanoparticles (red) and Pt/rGO (blue). Loadings of Pt: 
10 µg cm
-2
. 
Fig.6. Current-potential RRDE curves for oxygen reduction recorded at (red curve) PB-modified 
rGO supported Pt nanoparticles, and (blue curve) rGO supported Pt nanoparticles. Scan rate 10 
mV s
-1
. Rotation rate, 1600 rpm. 
Fig.7. Fraction of hydrogen peroxide (X%H2O2) produced during electroreduction of oxygen under 
the conditions of RRDE voltammetric experiment. 
Fig.8. Numbers of transferred electrons (n) per oxygen molecule during electroreduction of 
oxygen under conditions of the RRDE voltammetric experiments as for Fig. 7. 
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